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LIST OF TABLES The benefits of wind diversity to the operation of large arrays of wind turbines have been examined in several regions of the United States (Justus, 1976; Justus and Hargraves, 1977) . These results and tests have been used to develop a computer model whereby the wind and wind power statistics can be estimated for arrays of arbitrary spatial size (Justus and Mikhail, 1978a) .
Some of the procedures of this program were developed in separate studies. These include: the height projection method which depends on mean speed and surface roughness Justus, 1978) , the method for generic power output estimation (Justus and Mikhail, 1978b) , and the method for estimating typical variation of Weibull distribution parameters with mean wind speed .
All of the development and testing of the array model has been documented in the references listed above. In this report the resulting model is described as a step-by-step procedure and is presented in the form of an interactive computer program for use in estimating wind speed and power statistics for arrays of arbitrary size. A listing of this program appears in Appendix A.
One aspect of the model has not previously been documented: the time series simulation of array output from single site wind input. This documentation and testing is given in Appendix B.
A similar, but slightly different, modeling approach to wind speeds for arrays of sites has been reported by Cliff et al. (1978) . Appendix C outlines the similarities and differences between these two models, and develops the necessary background for selection of one of the necessary model parameters not documented in the Cliff et al. report.
_
The following section describes the mathematical procedures employed in the Array Model computer program. A set of sample input and output is described in Section 3.
THE ARRAY MODEL PROGRAM
The following gives a mathematical description of the steps used in the array model program to compute distributions and statistics of array wind speed and array power from input values of wind speed for a single "representative" site. The program listing is given in Appendix A. A sample set of input and output are given in Section 3.
Power Model Input to the Program
Certain characteristics of the wind turbine design whose array power is to be evaluated must be provided as input to the program. At a minimum, these parameters include the rated speed (V r ) and the rated power (P r ). If power coefficients A and B, described later, are not known, then the program also requires input values for the wind turbine cut-in speed (V in ), cutout speed (V out ), a value for the power coefficient ratio (C pr/C pm ), and an indicator of whether the machine is constant rpm or variable rpm. These parameters, defined more fully below, are required to compute the power coefficients A and B, if known values of A and B are not input to the program. Figure 1 illustrates the model power output curve for an individual wind turbine in the array. The cut-in speed (V in ), cutout speed (V out ), rated speed (V r ), and rated power (P r ) definitions are illustrated schematically by this figure. The power curve between cut-in and rated speeds is characterized by a power coefficient model, which has been described more fully by Justus and Mikhail (1978b) . The power coefficient (C p ) is the ratio between the output power and the power available in the wind. C is modeled as illustrated in Figure 2 and, in general, is taken to reach a maximum value (C Pm ) at some speed (V m ) between cut-in and rated. The power coefficient at rated power is designated as C pr . . For variable rpm machines the value of the ratio C pr /Cpm is assumed to be 1.0. C pr /C pm = 1.0 is also assumed by the program if this ratio is unknown (input 0.0).
Representative Site Input
Wind speed and other information from a single "representative" site must also be input to the program. As shown by Justus and Mikhail (1978a) , the single representative site should be chosen first on the basis of appropriate mean wind speed. Secondarily, the variance of winds at the representative site may be considered. If proper simulation of seasonal and diurnal shapes for array power is important, then the representative site should be selected as having, most nearly of all the available sites, seasonal and diurnal mean wind variations approximating those which would be obtained if averaged over all of the array site locations.
The normal mode of array siffulation is based on wind speed input at the 10 m level, with height projection (done by the model) to hub height from the 10 m level. One parameter used for this height projection is the surface roughness (Z 0 ) for the input site. Table 1 (1 )
If both k 10 and a 10 are unknown (input as 0.0), then a value for k 10 is computed from the reference wind statistics relation for median variance (Justus, 1978) k 10 = 0.94(U,0)1/2.
The Weibull distribution scale factor at 10 m is calculated from the relation
where r is the usual gamma function.
The input values of speed and variance parameters must be for the time period for which array power statistics are to be evaluated. For example, if annual statistics are desired, then annual mean wind speed and variance parameters should be input. For monthly or seasonal statistics, the corresponding monthly or seasonal average and variance parameters should be input, etc.
Array Characteristics Input
The array of wind turbines to be modeled is illustrated schematically in R is Maximum Site Separation. r is Average Over All i and j of Site Separations r ij .
n, the number of array sites. The spatial size of the array is characterized by the maximum separation distance (R) between any of the site pairs in the array.
From these input parameters (n and R), the average site-pair separation (r) and the average spatial cross-correlation (i;) are computed by the relations (Justus and Mikhail, 1978a) These parameters are used later to adjust between winds at the single input site to winds averaged across the array.
Power Regression Model Input
Based on the power curve model for an individual wind turbine, discussed above, the average output power (P) can be expressed as a linear function of the average wind speed (V), when normalized, respectively, by the rated power (P r ) and rated speed (V r ), i.e. P/P r = A + B (V/V r ), 0 < P/P r < 1.
The methodology for evaluating these coefficients was documented by Justus and Mikhail (1978b) . For the array model, V is the mean wind speed averaged across the array, and P is the array output power per wind turbine unit in the array (i.e. total output power from the array is P times the number of wind turbine units in the array, not times n the number of sites in the array).
Values of the regression model power coefficients A and B may be input directly into the program, or, if unknown, they are calculated from the
where the a coefficient values are built into the program, and were given by Justus and Mikhail (1978b) . Values of V in , V r , and the ratio C pr /Cpm must be input to the program if equation (7) is employed. These parameters were discussed above.
The Height Projection Model
The the dependence on surface roughness (Z 0 ) was discussed by Justus (1978) , and is a slight modification of the original equations presented by . This height projection model was recently subjected to extensive study and comparison with observed height variations at Kennedy and Argonne towers, and compared to the theoretically-more-correct Monin-Obukov height projection method. These studies are being reported separately.
Array Speed Distributions
Equations 8 and 9 are the Weibull parameters at hub height for the single representative input site. These are converted to the equivalent Weibull parameters for the average winds across the array, via the relations
(12)
The probability, p(V i < V < V j ), of observing winds (V), at the single lim its (V i V.) is found from the Weibull distribution with parameters C = C(Z h ) and k = k(Z h ), from equations 8 and 9,
The probability, p(V i < V < V j ), of observing winds (V), averaged across the array at any given time, between the speed limits V i and V j , is given by
where c n and k n are the Weibull parameters for the n-site array, from equations 12 and 13.
Array Power Distributions
To find the probability, p(P i < P < Pj ), of observing array power (P) between any power limits (P i and Pj ), the array power regression model, equation 6, is inverted to final equivalent speeds (V i and V j ) corresponding to the power limits, namely
V j = (P j /P r -A)(V r/B).
P r is rated power, V r is rated speed, P i and Pj are expressed as power per wind turbine unit, and coefficients A and B are evaluted from equation 7.
After evaluating the equivalent speeds V. and V j' corresponding to powers P i and Pj , equation 15 is also used to evaluate p(P i < P < Pj ) = p(V i < V < V j ).
Time Series Winds and Power
In addition to computing the probability distributions, by equations 14 and 15, the program also evaluates time-series winds and powers from input time-series winds, V 10 (t), at the 10 m level, from the single representative site. First,the 10 m wind speed, V 10 (t), must be projected to a single-site wind speed V(Z h , t) at hub height Z h . The height projection method, equations 8 and 9, is based on the model that the 10 m wind at time t and the corresponding hub height wind at time t have the same cumulative probability, based on their respective probability distributions, i.e.
Equation (17) After the 10-meter wind,V 10 (t),is converted to hub height, V(Z h , t), by equation (18), the equivalent array-average wind speed V(t) is also found by probability distribution matching, analogous to equation 17,
This equation is solved for V(t) to yield
Thus, the time series wind V 10 (t) yields the equivalent hub height wind at the single site,V(Z h , t), by equation (18), and the equivalent array-average
wind speed V(t), by equation 21. The time series array power, P(t), per unit wind turbine, can be found from the power regression model and V(t), i.e.
The ability of this time series model to reproduce the time dynamics characteristics of actual arrays is documented in Appendix B.
SAMPLE PROGRAM OUTPUT
A listing of the array program is given in Appendix A. Table 2 gives a sample set of output of the program, with interactive input from a computer terminal. The wind turbine parameters used for input in the computer run shown in Table 2 For the run shown in Table 2 ) for the single-site distribution at hub height, from equations 8 and 9, and the array Weibull parameters (c n and k n ) and array-average wind speed (V n ) ' from equations 11-13. The computed values shown in Table 2 are c(Z h ) = 9.29 m/s, k(Z h ) = 2.76, c n = 9.17 m/s, k n = 3.65, and V n = 8.27 m/s.
Two values of power per wind turbine (0 and 200 kW) are entered as limits (P i and Pj ) of the power intervals for the array power distribution p(P i < P < P j ).
The corresponding wind speeds, V i and V j , from these power limits are calculated, from equation 16, to be V. = 2.65 m/s and V. = 12.36 m/s. As discussed by Justus and Mikhail (1978a) , these effective cut-in and cutout speeds for the array are, respectively, below and above the cut-in and cutout speeds for the individual wind turbines. Hence the array-power distribution has lower probability of being at zero power (or at full rated power) than is true for the power distribution for a single machine.
A sequence of single-site wind speeds at 10 m, V 10 (t), are input (values 4, 8, and 12 m/s in Table 2 ). The corresponding sequence of single-site wind speeds at hub height, V(Z h , t), are computed, from equation 19, to be 5.0, 9.4, and 13.6 m/s, respectively. The corresponding array-average wind speeds V(t) are computed, from equation 21, to be 5.8, 9.3, and 12.2 m/s, respectively.
Corresponding array power output values, P(t), per wind turbine unit, are computed, from equation 22, to be 64.3, 136.1, and 196.7 kW, respectively. Table 3 shows sample output from the array program, with input coming from data on a computer file or on cards (batch input). The input values are thesameasinTable2,exceptthatalargersetofspeedlimits(V.and V.) and power limits (P i and Pj ) are input for the wind speed and wind power distributions. Input values are "echoed" in the output shown in Table 3 , so that the user has a record of the input values which were input from the data file. Table 3 . Figure 4 illustrates the general nature of the transformation process from single-site to array wind speed distribution. The array distribution is always narrower and more sharply peaked about the average wind speed than is the single-site distribution. This feature, combined with the lower effective cut-in speed and higher effective cutout speed for the array, leads to higher probabilities of array power near the mean value, and lower probabilities of zero power (and full rated power).
Extensive testing of the array model, including studies of sensitivity of the model to variations in input parameters, has been conducted and documented by Justus and Mikhail (1978a 175,.1521.106,1.054,.941,.66011.170,1.095,.8881  $ 1.17211.1021.927,.147,,129,.091,1.026,.3181.645,10142,  $ 1.072,.874,1.145,1.078 
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